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Unconventional density wave (UDW) has been speculated as a possible electronic ground 
state in excitonic insulator in 1968. Recent surge of interest in UDW is partly due to 
the proposal that the pseudogap phase in high Tc cuprate superconductors is d-wave 
density wave (d-DW). 

Here we review our recent works on UDW within the framework of mean field 
theory. In particular we have shown that many properties of the low temperature phase 
(LTP) in a-(BEDT-TTF)2MHg(SCN)4 with M=K, Rb and Tl are well characterized in 
terms of unconventional charge density wave (UCDW) . In this identification the Landau 
quantization of the quasiparticle motion in a magnetic field (the Nersesyan effect) plays 
the crucial role. Indeed the angular dependent magnetorcsistance and the negative giant 
Nernst effect are two hallmarks of UDW. 



1. Introduction 

Until recently the electronic ground states in crystalline solids are considered to be- 
long to one of four canonical ground states in quasi-one dimensional systems: s-wave 
superconductors, p-wave superconductors, (conventional) charge density wave and 
(conventional) spin density wave [1-3]. Indeed many systems discovered since 1972 
appeared to accommodate in this scheme: CDW in NbSea and SDW in Bechgaard 
salts (TMTSF)2PF6 [4]. In all of these systems the quasiparticle spectrum has the 
energy gap A and the quasiparticle density decreases exponentially as e~^/^ as 
the temperature decreases to T <C A. Also the thermodynamics of these systems 
are practically the same as the one for s-wave superconductors as described by the 
theory of Bardeen, Cooper and Schrieffer [5] (i.e. the BCS theory). 
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However since the discovery of heavy fermion superconductors, organic super- 
conductors, high Tc cuprate superconductors and Sr2Ru04, this simple picture has 
to be necessarily modified. First of all most of these new superconductors are un- 
conventional and nodal [6-8]. For more recent developments on this subject the 
reader may consult Ref. [9]. 

Parallel to this development, intense research has been done during the past 
few years in order to explore the properties of density wave with order parameter 
A(k), which depends on the quasiparticle momentum along the Fermi surface. We 
call these states unconventional density waves (UDW) in parallel to unconventional 
superconductivity. 

This kind of condensates was first speculated on by Halperin and Rice [10] 
as a possible ground state in the excitonic insulator. However unlike conventional 
density waves, there will be no x-ray signal or spin signal associated with UDW 
since the average of A(k) over the Fermi surface usually vanishes (i.e. (A(k)) = 0). 

Therefore one may think that UDW has a truly quantum mechanical order pa- 
rameter somewhat similar to superconductors. UDW is not accompanied by the 
spatial variation of charge or spin. This intriguing property is known as hidden- 
order in recent literature [11]. In order to make the hidden order visible, we need 
impurities for example [12]. Also unlike conventional density waves the nodal ex- 
citations persist to T = K, giving rise to electronic specific heat ~ T^, where 
T is temperature. Indeed the thermodynamics is practically the same as the one 
for d-wave superconductors [13, 14]. The recent surge in UDW is generated by the 
possibility that the pseudogap phase in high Tc cuprates is d-wave density wave 
(d-DW) [11, 15, 16]. The angle resolved photoemission spectra (ARPES) in the 
pseudogap phase indicate that the energy gap A(k) is the same as in d-wave su- 
perconductors [17]. Further the mysterious relation A(0) = 2.14T* found in LSCO, 
YBCO and Bi2212 [18-20] can be readily interpreted in terms of d-DW. Here A(0) 
is the maximum value of the energy gap determined by STM and T* is the pseii- 
dogap temperature which is identified with the transition to d-DW. Actually 2.14 
is the weak-coupling value for the d-wave superconductors. 

The nature of the low-temperature phase (LTP) in quasi-two dimensional or- 
ganic conductors a-(BEDT-TTF)2MHg(SCN)4 with M=K, Rb and Tl has not been 
understood until recently [21]. Although the phase transition is clearly seen in mag- 
netotransport measurements, neither charge, nor magnetic order has been estab- 
lished [22,23]. Moreover the destruction of this LTP in an applied magnetic field 
suggests a kind of CDW rather than SDW. On the other hand the temperature de- 
pendence of the threshold electric field associated with the sliding motion of DW [24] 
is very different from the one in typical CDW but somewhat similar to the one in 
SDW [25]. In fact, we have succeeded in describing the temperature dependence of 
the threshold electric field in terms of UCDW with imperfect nesting [26,27]. 

However, the LTP of a-(BEDT-TTF)2KHg(SCN)4 is also well-known for its 
striking angular dependent magnetoresistance (ADMR) [28 31]. There have been 
many attempts to interpret this phenomenon in terms of the reconstructed Fermi 
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surface. Rather we find that the Landau quantization of the quasiparticle orbit in 
UDW as described by Nersesyan et al. [32,33] plays the crucial role here [34,35]. 

More recently we find that the same Landau quantization gives rise to large negative 
Nernst effect in UDW [36] . Indeed we can describe the large Nernst effect observed 
in a-(BEDT-TTF)2KHg(SCN)4 [37] in terms of UCDW. Therefore we may conclude 
that the LTP in a-(BEDT-TTF)2KHg(SCN)4 with M=K, Rb and Tl is UCDW. 
Also the LTP in a-(BEDT-TTF)2l3 below = 135 K share many features common 
to UCDW [38]. We shall discuss this briefly in Section 2. 

The possibility of UCDW in 2H-NbSe2 and USDW in the antiferromagnetic 
phase in URu2Si2 have also been suggested [39,40]. We believe that the large neg- 
ative Nernst effect observed in 2H-NbSe2 [41] and the micromagnetism seen in 
URu2Si2 [12, 42] appeared to have confirmed UCDW in the former, USDW in the 
latter. As has already been mentioned, the pseudogap phase in high cuprates is 
most likely d-DW, though wo prefer d-SDW to d-CDW [16]. 

In the following we shall first summarize the quasiparticle spectrum, the ther- 
modynamics and other properties of UDW in Section 2. Then in Section 3.-5., we 
discuss the Nersesyan effect for UDW in a magnetic field. This important work ap- 
pears to be neglected by most people working on UDW. In particular the striking 
ADMR and the largo negative Nernst signal immediately follow from the Nersesyan 
effect. Therefore in particular the giant Nernst effect is the hallmark of UDW. We 
believe, that the large Nernst signal observed in underdoped LSCO, YBCO and 
Bi2212 indicates clearly that they are UDW [43-46]. 

In Section 6. we speculate the likely places where one can find UDW. Still very 
few UDW's have bc;en identified. Therefore the field of UDW is still widely open 
and UDW will be found in unexpected places. 

2. BCS theory of unconventional density waves 

In the following we shall consider quasi-one or quasi- two dimensional systems, with 
the Hamiltonian given by 



where a^^ and au,a- are the creation and annihilation operators of electrons with 
momentum k and spin a, ^(k) is the kinetic energy of electrons measured from 
the Fermi energy in the normal state and F(k, k',q) is the interaction between 
particles. In the following we shall approximate it as 




(1) 



y(k,k',q) = 2y/(k)/(k')5(q-Q), 



(2) 



where Q is the nesting vector. Also for simplicity we limit ourselves to UCDW 
though a parallel treatment of USDW is possible. Then within the mean field ap- 
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proximation Eq. (1) is recasted as 



and 



A(k) = y/(k) ^ /(k')(a+ _Q,,ak',.). (4) 

k',(7 

This is expressed in terms of Nambu's spinor [47] as 

H = Y^ vi/+(k) (|(k)p3 + »y(k) + A(k)pi) vl/,(k), (5) 

k,<T 

where |(k) = (^(k) -^(k - Q))/2 and r?(k) = (^(k) +^(k - Q))/2. In the foUowing 
we shall take the tilde off from ^. The Green's function is then given by 

G-\u;, k)=co- e(k)p3 - r?(k) - A(k)pi. (6) 

The pole of G(w, k) gives the quasiparticle spectrum as 



u = 7?(k) ± V^(k)2 + A(k)2 (7) 

In most of quasi-one or quasi-two dimensional systems ^(k) depends only on k 
perpendicular to the Fermi surface. So we can write ^(k) = v{ka — kp), where 
V is the Fermi velocity. Then in many cases we can take A(k) = A/(k) with 
/(k) = sin(6fcb) or cos(6fcb). Further if wc can neglect 77(k), the imperfect nesting 
term, the quasiparticle density of states is obtained as [13] 

NiE) _ I 1 \ _ r lxK{x) for X < 1 

where x = |i?|/A and K{x) is the complete elliptic integral of the first kind. The 
quasiparticle density of states is shown in Fig. 1. 

Also the thermodynamics is similarly obtained [48-50]. For this purpose it is 
necessary to solve the gap equation 



A 



-i = (/2)-i/ dERej , L )tanh— . (9) 



Here we have neglected the imperfect nesting term for simplicity. The gap equation 
is the same as for d-wave superconductors. We obtain A(0)/rc = 2.14 and 



MT)^,, IT-' 



In Fig. 2 the exact solution of A(T) [13] with the approximate one is shown. 
Therefore Eq. (10) is very useful for semiquantitative analysis. In very clean systems 



I 



I 
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Fig. 1. The quasiparticle density of states of UDW is shown. 




Fig. 2. The order parameter A(T) is shown (sohd line) together with the approximate solution 
Eq. (10) (dashed line). 



when the quasiparticle scattering is hmited by impurity scattering, the electric 
conductivity is well approximated by 



a(T) ^ 4 
cr„, TT 



Tr/2 



■ I 1 - /SA/tt for T ~ Tc 

,(l + exp/3Asm<^) - <i 4 ^2)(/3A)-i for T « ' ^^'^ 



Unfortunately this T linear behaviour for small temperatures cannot describe the 

T3 dependence of the electric conductivity of a-(BEDT-TTF)2l3 [38]. This sug- 
gests rather that the electric current J || b is perpendicular to the nodal lines of 
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UCDW. In other words this implies A(k) = Asin(6A;6) in a-(BEDT-TTF)2l3. This 
is somewhat surprising, since in Q;-(BEDT-TTF)2MHg(SCN)4, what we are going 
to describe in some details, we found A(k) = Asin(cfcc) [34,35]. In the present 
configuration, we obtain 

I #sm(0)2(l + exp/3Asm,^) 12 .L^A^-3 ^ ^ (12) 



atn ^ J ^ ' - ^ ig^(3)(^A)-3 for T « T, 







Especially for T < Tc/2, ab{T) T^, in accordance with the experimental data 
from a-(BEDT-TTF)2l3. 



150 




We show the optical conductivity with small impurity scattering rate in the Born 
limit [51,52], and the result is compared to the optical data taken at T = 60 K 
in Fig. (3). We think that the agreement is excellent. Also from this figure we can 
extract A ~ 930 K, which is about 3 times larger than the one expected from the 
weak-coupling theory 2.14 x 135 = 290 K. In conventional CDW and SDW, such 
a large deviation from the weak coupling theory result is mostly ascribed to the 
imperfect nesting term [53,54]. 

Therefore the transition in UDW is metal to metal. In general the conductivity 
in UDW is anisotropic reflecting the direction of J relative to the direction of the 
nodal lines. For example we believe that the T linear resistivity in the pseudogap 
phase in high Tc cupratcs and heavy fermion systems are in part due to UDW. In 
these systems, the normal state resistance is proportional to as in the Landau 



I 



I 
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Fermi liquid theory [55-57] . In these systems, the quasiparticle lifetime is dominated 
by electron-electron scattering. Then in UDW this behaviour changes into T 
linear resistance as is readily seen from Eq. (11). This behaviour is often called 
" non Fermi liquid" . But we think that this word is very misleading and should only 
be used with care. Actually the quasiparticle in UDW is bona fide Fermi particle. 
In the spirit of Landau, the Fermi liquid has to be defined as the Fcrmion, which 
has charge ±e and spin 1/2 and is described by a pole of Green's fmiction as given 
in Eq. (6). In this case, we can describe both the thermodynamics and transport 
properties of the system in terms of standard many body technique as in the book 
of Abrikosov, Gor'kov and Dzyaloshinskii [58]. 



3. The Nersesyan effect 

This surprising effect of the magnetic field on the quasiparticle spectrum in UDW 
was first discussed in Ref. [32,33]. The quasiparticle spectrum in the presence of 
magnetic field is obtained from 

{E - C(k + eA)p3 - Tj(k + eA) - A(k + eA)pi) «'(r) = 0, (13) 

where we have introduced the magnetic field through the vector potential A. It 
is readily recognized that Eq. (13) has the same mathematical structure as the 
Dirac equation in a magnetic field studied in 1936 [59,60]. For simplicity let us 
assume that the Fermi surface is parallel to the a — c plane and the b direction is 
perpendicular to the a — c plane. Also ^(k) depends only on ka while A(k) only on 
kc- Also for a while we neglect r]{]s.) since in many cases ?7(k) <^ max|A(k)|. Then 
the quasiparticle energy spectrum depends only on the magnetic field component 
parallel to b. It is more convenient to rewrite Eq. (13) as [36] 

= {-ivad^ps + AceBxcos{e)pi)^, (14) 

6 is the angle the magnetic field makes with the b axis. We find 

^2nVaAce\Bcos0\, (15) 

where n = 0, 1, 2 The Landau wavefunctions are given by 



1 

^75 



*o = ( J 00, (16) 

(17) 



''n-l ± ( ^ 



where 0„ is the n-th wavefunction of a linear harmonic oscillator with parameters 
"mass" m = l/2vl and "frequency" oj = 2vaAceB cos{6). From Eq. (17) it is 
obvious, that the n ^ levels arc twofold degenerate, since Vl/„^o is composed of 
the n — 1-th and n-th wavefunction of the harmonic oscillator. 
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So far we have neglected the imperfect nesting term. To be concrete, we assume 
that 

CxD 

r/(k)= e„cos(2d„k), (18) 

n=—oo 

where d„'s are selected lattice vectors. In the LTP of a-(BEDT-TTF)2KHg(SCN)4, 

the multidip structure of the angular dependent magnctorcsistancc (ADMR) is 
accounted for by similar r](]s.) [35]. Then the imperfect nesting term removes the 
degeneracy of En^o and the Landau levels become 

£^0,1 = 

Ei^i = ±Ei — E^\ 
E^^2 = ±E^ - E^^\ 

and 

En = \j2nVal^ceB\ cos(6')|, 

m 

-^1^' ^ X]^'"^^ ~ 2y„) exp(-ym), 

m 

and j/„i = Wa&^e|i?cos((?)|(tan(0) cos((/) — ^o) — tan(0m))^/Ac, tan^o — 0.5, do — 
1.25, (?!)o — 27°. Here is the angle the projected magnetic field on the a-c plane 
makes with the c-axis. 

With the help of the quasiparticle spectrum, the thermodynamic properties are 
readily determined as done in Ref. [32,33]. In the following we shall consider the 
ADMR and the magnetothermopower. 

4. Angular dependent magnetoresistance (ADMR) 

In the low temperature and high field limit (i.e. /3i?i ^ 1, where /3 = 1/T), we 
assume that the quasiparticle transport is dominated by the n = and n = 1 
Landau levels. Also for concreteness let us consider the magnetoresistance in the 
LTP of a-(BEDT-TTF)2MHg(SCN)4 with M=K, Rb and Tl [35]. The Fermi surface 
of this system is sketched in Fig. 4 together with the related field configuration. 

As is readily seen from Fig. 4, the Fermi surface in a-(BEDT-TTF)2MHg(SCN)4 
salts consists of quasi-one dimensional sheets and quasi-two dimensional ellipses. 
Further we assume that UCDW appears only on the quasi-one dimensional sheets 
while the one with the quasi-two dimensional Fermi surface remains in the normal 
state. Then within the two level approximation, the magnetoresistance is given by 

ii(B, 4>r^ = 2a, { exp(--^i)+cosMC ) exp(-a:0 + cosh(Cr) \ 
^ ^ V cosh(xi) + cosh(Co) cosh(a;i) +cosh(Ci) y 



(19) 
(20) 
(21) 

(22) 
(23) 

(24) 



I 



I 
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Fig. 4. The Fermi surface of a-(BEDT-TTF)2KHg(SCN)4 is shown in the left pancL In the right 
one the geometrical configuration of the magnetic field with respect to the conducting plane is 
plotted. 

where xi = Co = Pe[^\ Ci = Pe'^^ ■ Here cti and CT2 are the conduetivities 

associated with the n = 1 Landau level and the n = level plus the contribution 
from the elliptical Fermi surface, respectively. First let us consider the case when 
B is normal to the conducting plane {6 = 0). In the present configuration, the 
imperfect nesting plays no role and we can set Co = Ci = 0- 




In Fig. 5 we show the B dependence of the magnetoresistance of single crystal 
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2 4 6 8 10 12 14 16 18 20 
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Fig. 6. The temperature dependent magnctoresistance is shown at B = 15T. The dots are the 
experimental data, the sohd hne is our fit. 

of a-(BEDT-TTF)2KHg(SCN)4 for T = 1.4 K and T = 4.14 K. As seen in Fig. 5, 
the fitting improves further as the temperature decreases, though a clear deviation 
from the otherwise excellent fitting starts around B = 8T. This can come from the 
Landau quantization of the quasi-two dimensional Fermi surface, what wc ignored 
so far. In Fig. 6, we show the temperature dependence of the magnetoresistance for 
B = 15 T. The fitting is almost perfect down to T ~ 2 K. The deviation around 
T = 8 K is clearly due to the fact that we have to include more Landau levels as T 
approaches T^. From those fittings wc can extract (Jijax ^ 0.1 and 0.3, A(0) = 17 K 
(the corresponding weak-coupling value), ~ 6 x 10^ cm/s. Also we have used Eq. 
(10) for A(T). 

In Figs. 7 and 8, we show the ADMR data taken at T = 1.4 K, B = 15 T 
and (\) = 45°. As is readily seen, the fittings are excellent. From this we deduce 
uijox ~ 0.1, 6 ~ 30 A, £0 ~ 3 K This h is comparable to the lattice constant 
6 = 20.26 A. Finally in Fig. 9 we show R versus Q for different ^ and compare 
to the experimental data side by side. Perhaps there are still differences in some 
details, but the overall agreement is very striking. The present model can describe a 
similar figure found in Ref. [31] as well. In summary, the Landau quantization of the 
quasiparticlc spectrum in UDW as shown by Ncrsesyan et al. [32,33] can account 
for the striking ADMR foimd in LTP of Q-(BEDT-TTF)2KHg(SCN)4. Very similar 
ADMR has been seen also in M=Rb and Tl compounds. Therefore we conclude 
that LTP in a-(BEDT-TTF)2MHg(SCN)4 should be UCDW. Also we believe that 
ADMR provides clear signature for the presence of UCDW or USDW. 

Before closing this section, we note that very similar ADMR has been seen in 
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on 

Fig. 7. The angular dependent magnetoresistance is shown for current parallel to the a-c plane at 
T = 1.4K, B = 15T. The open circles belong to the experimental data, the solid line is our fit 
based on Eq. (25). 




-100 -80 -60 -40 -20 20 40 60 80 100 



en 

Fig. 8. The angular dependent magnetoresistance is shown for current perpendicular to the a-c 
plane at T = 1.4K, B = 15T. The open circles belong to the experimental data, the solid line is 
our fit from Eq. (25). 



Bechgaard salts (TMTSF)2X with X=C104, PFg and RCO4, when the magnetic 
field is rotated within the c* — b plane [61-65]. In particular, ADMR in PFg and 
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9. ADMR is shown for current perpendicular to the a-c plane at T = 1.4K and B = 15T for 
(f> = -77°, -70°, -62.5°, -55°, -47°, -39°, -30.5°, -22°, -14°, -6°, 2°, 10°, 23°, 33°, 41°, 
48.5°, 56°, 61°, 64°, 67°, 73°, 80°, 88.5°, 92° and 96° from bottom to top. The left (right) panel 
shows experimental (theoretical) curves, which axe shifted from their original position along the 
vertical axis by n x lOOOhm, n = for <^ = -77°, n = 1 for </> = -70°, .... 



Re04 compounds are very close to ADMR that we discussed so far. It is known 
that this striking angular dependence is seen only in the "normal state" . This means 
that conventional SDW and superconductivity has to be destroyed by pressure and 
magnetic field, respectively. Also the magnetic field has to be less than the one 
which produces the field induced SDW [4]. Also the dips are called Lebed resonances 
[66,67], but the shape of ADMR has not been understood. Indeed, USDW in this 
P — B phase diagram will describe this mysterious ADMR very consistently [68] . 
We have suggested earlier, that USDW appears in (TMTSF)2PF6 in addition to 
conventional SDW for T < Tc/3, where Tc is the transition temperature of SDW 
for p < 7 kbar [69]. Therefore the presence of USDW in a large area of the P — B 
phase diagram may not be so surprising. 



5. Seebeck and Nernst eflfect 



The analysis in the preceding section is readily extended to the magnetother- 
mopower tensor [36]. First let us consider the diagonal magneto-thermoelectric 
power. This is given by 



SiB,0,, 



R{B,e,(j>)kB 



[o-qCo 



_^ . exp(-a;i) + cosh(Co) ^ exp(-a:i) +cosh(Ci) ^ 
cosh(a;i) + cosh(Co) cosh(a;i) + cosh(^i) 



+ Xi 



sinh(Co) 



+ 



sinh(Ci 



cosh(a:i) + cosh((^o) cosh(a;i) + cosh(^i) 



(26) 



I 



I 
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where xi, and Ci have been defined after Eq. (25). In the thermoelectric power 
at low temperatures, the particle-hole symmetry breaking plays the crucial role. 

This means S ^ (Tq , • In this treatment wc have neglected the terms coming from 
da/diJ,, where /U is the chemical potential. For example in many heavy fermion 
systems, where the Kondo effect is apparent, the terms arising from da/d^ may be 
dominant. In this case we have 



s''{B,e,cp) = ^^^^R{B,e,<p)x 

de 

dai /exp(— xi) + cosh(Co) exp(— xi) + cosh(^i)\ d(j2 



+ 



+ 



(27) 



\ cosh(a;i) + cosh(^o) cosh(a;i) + cosh(^i) / djj, 

So in the most general case, these terms have to be added together. 

The Ncrnst effect is the off diagonal component of the thermoelectric power 
in the presence of magnetic field. Also its formulation is different from above. We 
have seen already that quasiparticle in UDW orbits around the magnetic field. Then 
when an electric field E is applied within the conducting plane, the quasiparticle 
drifts with drift velocity vd perpendicular to both B and E (v£) = (Ex B)/i?^). 
Then the heat current parallel to is given by 3h = TSwd, where S is the entropy 
associated with the circling quasiparticles 



S = eBY, [ln(l + exp(-/3E„)) + 0En{l + exp(/3i;„))-i] , 



(28) 



the sum over i?„ has to be taken over all the Landau levels, and the magnetic field 
is assumed to be perpendicular to the a — c plane {9 = 0°). Also for simplicity we 
have neglected the imperfect nesting terms. Then for small T and large B, Eq. (28) 
is well approximated by taking the n = and n = l Landau levels. This gives 



2eB 



ln(2) + 21n (^2 cosh (y)) - Xi tanh 



(29) 



So the Nernst coefficient in this configuration can be calculated, after considering 
the effect of the two dimensional parts of the Fermi surface: 



~ Ba a 



L 



2D 



i 



-2e 



(ln(2) + 21n(2cosh(y)) 



(30) 



7252 
xi tanh (y)) 

where a = 1/R = 4(Ti/(exp(xi) + 1) + (J2 from Eq. (25), stems from the two 

dimensional cylinders of the Fermi surface, 7 = er/m, r is the field-free relaxation 
time, m is the effective mass of the electron. Again cti is related to the n = 1 Landau 
level and (72 contains the contribution from the n = Landau levels as weU as from 
the elliptical Fermi surface. Recently both the magneto-thermoelectric power and 
the Nernst effect of LTP in single crystal a-(BEDT-TTF)2KHg(SCN)4 has been 
reported [37]. We show in Figs. 10, 11 and 12 the fitting of the experimental data 
with the theoretical expressions Eqs. (26) and (30). In these fittings again, we used 
106 cm/s and A(T)/A(0) = ^/l - [T/T^f. Both the Seebeck 



17 K, 
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coefficient and the large negative Nernst effect are very consistently described in 
terms of UCDW [36]. 




5 10 15 20 



B{T) 

Fig. 10. The magnetothermopower for heat current along the a direction is shown for T = 1.4 K, 
T = 4.8 K ,T = 5.8 K and T = 6.9 K from top to bottom, the circles denote the experimental 
data from Ref. [37], the solid line is our fit based on Eq. (26) 



As already mentioned, the large negative Nernst signal has been reported in the 
underdoped region of LSCO, YBCO and Bi2212 [43-45]. A preliminary analysis 
indicated that the field dependence of this large Nernst effect can be described 
in terms of UDW [46]. Also it is well known that there are similarities between 
the 115 compounds CeCoIus and high Tc cuprate superconductors [70-73]. These 
are quasi- two dimensionality, dj:2_j^2-wave superconductivity and the proximity to 
antiferromagnetism. More recently a large negative Nernst effect was observed above 
the superconducting transition temperature Tc = 2.3 K [74]. We believe that this 
indicates UDW above superconductivity in CeCoIns. 

6. Concluding remarks 

We have reviewed recent theoretical advances in understanding the physics of UDW 
(i.e. UCDW and USDW). This was in part stimulated by the recent identification 
of the pseudogap phase of high Tc cuprates as d-wavc density wave (d-DW) , and in 
part by the identification of LTP in a-(BEDT-TTF)2KHg(SCN)4 as UCDW [75]. 

In particular in the latter case, the Landau quantization of the quasiparticle 
spectrum as discussed by Ncrsesyan et al. [32,33] has played the crucial role. We 
propose here that both the striking angular dependent magnetoresistance (ADMR) 
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Fig. 11. The Ncrnst signal for heat current along the a direction is shown for T = 1.4 K and 
T = 4.8 K (from bottom to top), the dashed lines with circles denote the experimental data from 
Ref. [37], the solid line is our fit based on Eq. (30). 
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T(K) 

Fig. 12. The temperature dependence of the magnetothermopower for heat current along the a 
direction is shown for B = 12 T, the circles denote the experimental data from Ref. [37], the solid 
line is our fit based on Eq. (26). 



and the large negative Ncrnst signal provide the hallmarlc of UDW. 

For example, the peculiar ADMR seen in Bechgaard salts (TMTSF)2PF6 and 
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(TMTSF)2Re04 in the limited P — B phase diagram suggests the presence of 
USDW in a wide region for T < 3 K. Also UDW may inhabit many ground 

states in heavy fcrmion systems and organic conductors. In particular, the ground 
states in CeCoIng, URuzSia, CeCuzSiz, k-(BEDT-TTF)2X with X=Cu(NCS)2, 
Cu[N(CN)2]Br, Cu[N(CN)2]Cl should be explored further [76-79]. Since the be- 
ginning of the 21st century, the gap symmetry of unconventional superconductors 
Sr2Ru04, CcCoIns, «;-(BEDT-TTF)2Cu(NCS)2, YNi2B2C and PrOs4Sb have been 
determined. Likewise UDW becomes the density wave of the 21st century. In spite 
of very limited findings on this newly developing subject, we are confident that new 
discovery and new understanding of truly quantum condensates will modify and 
enrich our perspective on condensed matter physics in general. The vast forest with 
exotic birds and flowers are waiting for our exploration. 
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